The study investigated the effects of 26 years of effluent irrigation on chemical and bacteriological quality of shallow (,3.0 m) groundwater. Annual loading rates for N and P exceeded pasture requirements, while trace metals were either lower or higher than guideline limits. Effluent irrigation removed TN (44 -71%), TP (80%), Cr (96%) and coliform bacteria (87-99.9%) while Zn, Cu and Cd removal was negligible probably due to their enhanced mobility.
INTRODUCTION
The demand for scarce freshwater resources is rapidly increasing due to population and industrial growth. Consequently, good quality water is being reserved for drinking purposes while that of marginal quality such as sewage and industrial effluent is used for irrigation. Besides being a relatively cheap source of irrigation water, wastewater contains essential nutrients for plant growth (Pescod 1992) . Land application of wastewater is also considered to be an environmentally safer option than direct discharge into surface water bodies. In principle, wastewater irrigation is similar to slow-rate soil aquifer treatment (SAT), where pre-treated wastewater is passed through the unsaturated zone into deep aquifers (Bouwer et al. 1980) . In SAT, wastewater-borne contaminants are removed by filtration, adsorption, chemical processes and biodegradation (Nema et al. 2001) . In wastewater irrigation, both SAT and phytoremediation processes are in operation. The amount of contaminants removed through the different processes depends on soil type, plant species, wastewater quality and climatic conditions. However, a significant proportion of contaminants may pass through the unsaturated zone into groundwater.
Contaminants of concern include nutrient elements, toxic trace metals and pathogenic organisms. Limited studies have been conducted to investigate groundwater contamination by wastewaterirrigation (e.g. Gallegos et al. 1999) . However, substantial literature exists on the impacts of soil aquifer treatment systems and groundwater recharge using effluent on chemical and microbiological quality of water (e.g. Bouwer et al. 1980; Nema et al. 2001) . In Mexico, application. Nema et al. (2001) reported that land application treatment systems removed 50 and 90% of NH 4 ZN and PO 4 ZP, respectively. Similarly, Bouwer et al. (1980) showed that passing secondary effluent through 3.3 m of unsaturated zone resulted in average removals of 30 -65% and 40 -80% for N and P.
Studies on trace metal behaviour following wastewater application show variable and sometimes contradicting results. For example, Kabata-Pendias and Andriano (1995) reported that after 43 years of continuous application of effluent with a high concentration of trace metals, about 90% were confined to the top 0 -20 cm due to adsorption.
In contrast, Viswanathan et al. (1999) observed high concentrations of trace metals in groundwater below an acid sandy soil following application of tertiary effluent.
This was further supported by Oloya and Tagwira (1996) who reported trace metal mobility on acid sandy soils of low cation exchange capacity and organic matter.
Besides nutrients and trace metals, faecal contamination of groundwater poses a public health risk to communities depending on groundwater for domestic uses. The coliform group of bacteria is widely used as an indicator of faecal contamination (Pescod 1992) . In shallow aquifers (,10 m), faecal contamination has been reported following groundwater recharge with wastewater (e.g. Viswanathan et al. 1999) . Contrary, on heavy clay soils, up to 90% of microbes applied through wastewater-irrigation could be removed by adsorption, entrapment and subsequent die-off (Pescod 1992) . Similarly, between 90 and 95% of faecal coliforms were observed to be concentrated in the soil surface following application of wastewater (Viswanathan et al. 1999; Nema et al. 2001) . The mobility of microbes in soils has been reported to be directly proportional to the hydraulic conductivity and inversely so to the surface area of soil particles and cation concentration (Pescod 1992) .
In Zimbabwe, wastewater irrigation is common in periurban areas, where it is considered a disposal method rather than planned reuse of wastewater. Earliest irrigation projects involve large-scale pasture irrigation using treated effluent. Deep-rooted pasture species are highly effective in removing and accumulating nitrogen (Vaisman et al. 1981) .
However, continuous use of wastewater as the sole source of irrigation water may lead to adverse environmental impacts such as soil and groundwater pollution. Literature on long-term impacts of wastewater irrigation on groundwater is limited. To date, documented studies have focused on trace metal accumulation and effects on crop productivity (e.g. Oloya and Tagwira 1996) . However, surface water studies have revealed that nutrient flows from wastewater-irrigated pastures increased the nutrient loads in water reservoirs (Nhapi et al. 2003) . The objectives of this study were two-fold: firstly, to estimate the annual loading rates of nutrient and trace elements, and secondly, to investigate the effects of 26 years of continuous pasture irrigation using effluent on chemical and bacteriological quality of shallow groundwater.
MATERIALS AND METHODS
Description of the study site and uptake of heavy metals (Madyiwa et al. 2002) . During the study period the pasture showed lush growth with no evident symptoms of nutrient deficiency and water stress. (Purves 1976; Nyamapfene 1991) .
Effluent used for irrigation was obtained from a sewage plant that treated wastewater from a city with an estimated population of 300 000 people. Wastewater was passed through an anaerobic pond followed by biological filtration.
The effluent from the biological filters was then conveyed by an asbestos-cement pipeline from the trickling filters to the study site about 50 km away, where it was stored in six maturation ponds. The ponds consisted of 5 aerobic and 1 anaerobic ponds. The ponds were designed with a total mean residence time of 9 days. However, due to increase in population of the city, this had been reduced to less than 9 days. Apart from meeting crop water requirements, irriga- Effluent quality parameters and annual loading rates were evaluated using the Zimbabwe Water Regulations (2000) and UK limits, respectively. In Zimbabwe, no guideline limits exist for wastewater loading rates.
Groundwater sampling and analysis
Three sites with similar soils were identified for groundwater quality monitoring within the study area. Two blocks grown to a mixture of P. clandestinum and C. dactylon that had been continuously effluent-irrigated for the past 26 years were selected. One was sprinkler-irrigated and adjacent to the maturation ponds and was the most frequently irrigated.
The other block was furrow-irrigated and about 1 km from the ponds. Due to its distance from the maturation ponds, irrigation frequency was relatively low compared to the sprinkler-irrigated site. Within the locality of the effluentirrigated site, we failed to find an ideal control site grown to pasture under freshwater irrigation. We therefore selected a natural site dominated by native Hyperhenia grass species as a control. The site was about 5 km upgradient of the effluentirrigated area and has never been irrigated.
Three monitoring tubewells were drilled in each of the effluent-irrigated blocks and the non-irrigated control site according to the procedure of Chapman (1998) . A 50 mm- between samplings in order to minimise contamination (Chapman 1998) . The first 20 mL of the sample were used to rinse the sampling equipment and the sample bottle.
Samples were collected in 2-sterile bottles and taken to the laboratory for analysis. Samples for coliform analysis were collected in separate 2 L sterile bottles and analysed within 6 hours using the Paqualab membrane filtration method (ELE International Ltd. 1996) .
Groundwater pH and EC were determined in the field using temperature-compensating pH and EC meters (Model:
ELE Paqualab, ELE International Ltd. 1996), respectively.
Samples were refrigerated at 48C until analysis, which was done within 24 hours in all cases. Standard methods for water and wastewater analysis (APHA 1989) were used to determine total nitrogen (TN), NH 4 -N, NO 3 -N, dissolved P (DP), Zn, Cu, Cd and Cr concentrations. TN, TP, Zn, Cr, Cd and Cu were determined on unfiltered samples while NH 4 -N, NO 3 -N and DP were determined on samples filtered through a 0.45-nm filter paper following the procedure of Chapman (1998) 
RESULTS AND DISCUSSION
Effluent quality characteristics Table 1 shows selected characteristics of effluent and permissible limits for wastewater irrigation. pH of effluent was almost neutral (7.2) and within acceptable limits (6.5 -8.4) for irrigation while EC (0.98 dS m 21 ) was less than half the limit (2-3 dS m 21 ). EC is a measure of total dissolved salts in effluent and its potential to cause salinity. (1996) . Average total coliforms in the effluent were 14.5 £ 10 3 cfu/100 ml, while faecal coliforms were 3.0 £ 10 3 cfu/100 ml compared to a WHO maximum limit of 1,000 cfu/100 ml for irrigation. In general, the quality of effluent was suitable for irrigation except Cd, Cr and coliform bacteria which exceeded some of the permissible limits for irrigation.
Loading rates for nutrient and trace elements Table 3 shows average groundwater levels, pH, EC and concentrations of TN, TP, DP, NH 4 -N and NO 3 -N in groundwater from effluent-irrigated and non-irrigated control sites.
Effects of effluent-irrigation on groundwater

Groundwater levels
During the study period no significant monthly variation of groundwater levels were observed. Average groundwater levels were 2.5, 2.7 and 2.8 m for sprinkler-irrigated, furrowirrigated and non-irrigated control sites (Table 3) . Effluent irrigation had no significant effect on groundwater levels, but on average, it raised groundwater levels by 0.2 m relative to the control. In general, the study site had high groundwater levels, typical of the geological formation. In 
Groundwater pH and EC
Effluent-irrigation had no significant effect on groundwater pH. However, groundwater samples from effluent-irrigated 
Total and dissolved phosphate
Total P (TP) and dissolved P (DP) concentrations were significantly (P , 0.05) higher in groundwater from effluentirrigated sites than the control. Average TP concentrations (mg L 21 ) decreased in the order: sprinkler-irrigated (2.5) . furrow-irrigated (2.1) . control (0.3). Average DP concentrations were between 6-and 12-fold higher in effluent-irrigated sites than control, but concentrations were lower than TP. Studies conducted elsewhere had reported comparable P concentrations. For example Viswanathan et al. (1999) observed P concentration of 3.3 mg L 21 in groundwater recharged with effluent, corresponding to an estimated 21% removal. Significantly (P , 0.05) higher concentration in effluent-irrigated sites than control confirmed P mobility reported on similar soils (Nyamapfene 1991; Oloya & Tagwira 1996) . Due to limited environmental and health impacts attributable to P in groundwater, there are no guideline limits in most countries.
However, where lateral movement of P occurs through groundwater flow into surface water bodies occurs, the resulting P enrichment could indirectly lead to eutrophication -a rapid proliferation of aquatic plants in surface waters.
Total nitrogen (TN), ammonium (NH 4 -N) and nitrate (NO 3 -N)
Effluent irrigation significantly (P , 0.05) increased groundwater TN, NH 4 -N and NO 3 -N concentrations compared to that act on N. Although nutrient uptake was not measured in this study, deep-rooted pasture grasses are reported to be efficient in N removal from soils (Vaisman et al. 1981) .
For example, Rhodes grass (Chloris gayana) had been reported to extract and accumulate nitrates and prevent deep seepage and groundwater pollution (Vaisman et al. 1981 ) while other pasture species can remove between 390
and 670 kg N ha 21 yr 21 (Pescod 1992) . However, once in groundwater, N tends to persist due to reduced microbial activity caused by limited carbon sources.
Total and faecal coliform counts
Total (TC) and faecal coliform (FC) counts exceeding WHO and Zimbabwe limits for drinking water were observed in groundwater samples from the effluent-irrigated sites.
During the study period both TC and FC counts were significantly (P , 0.05) higher in samples from effluentirrigated sites than the control, where no coliforms were detected. In all cases, samples from the sprinkler-irrigated site had higher TC and FC counts than corresponding samples from the furrow-irrigated site, with averages of 394 and 182 cfu/100 ml for TC, and 30 and 20 cfu/100 ml for FC (Table 3) Estimated removal efficiencies of nutrient and trace elements 
